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Abstract 
The simpler implementation of isotropic hardening begs the question, if modelling kinematic hardening is necessary, especially if 
the hardening is nonlinear and temperature dependent. This question not only depends on the material, but also on the modelled 
load case, which varies with different manufacturing processes. To answer this, thermo-mechanically coupled elasto-plastic 
materials were used in an implicit material model in ABAQUS/Standard for a two-dimensional cutting simulation. The nonlinear 
hardening in the models varies from isotropic to mixed isotropic-kinematic hardening. The two-dimensional cutting simulation 
uses a two-dimensional continuous remeshing technique. A slow machining process was simulated leaving out strain rate and 
temperature dependencies and focussing purely on the kinematics of deformation. The necessity of a kinematically translated 
yield surface is concluded for iron, by comparing the purely isotropic to the mixed isotropic-kinematic hardening results. A 
comparison with experimental data illustrates the conformance quality of the different hardening modes. 
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1. Introduction 
Metal manufacturing processes like machining include 
complicated load cases and plastic deformation inside the 
manufactured component. The Finite-Element-Method (FEM) 
has been successfully applied to analyze machining processes 
including resulting component states like residual stresses and 
characteristics like fatigue strength [1,2].  
In processes including plastic deformation of metals, the 
models describing the material behavior have to consider 
thermal conduction due to plastic dissipation, if temperature is 
a necessary output. The yield stress depends on temperature, 
deformation rate and accumulated plastic deformation. Those 
changes are often described purely by isotropic hardening. 
However, next to isotropic hardening, kinematic hardening 
prevails in many metals. Machining operations incorporating 
nonlinear kinematic hardening have been modelled before, 
e.g. using ABAQUS/Explicit [3]. 
The modelling necessity of kinematic hardening is backed up 
by experimental findings which demonstrate the kinematic 
character quite well [4]. Kinematic hardening has been 
investigated for several decades. The groundwork was 
published by Frederik and Armstrong [5], and applied to 
viscoplasticity by Malinin and Khadjinsky [4,6]. To apply this 
work to the modern FEM, see passage 2.1.  
In this paper, first the hardening data and methods are 
established while explaining the choices made. Then the 
experimental results are being described and compared to the 
simulation. A closing discussion follows. Closing remarks are 
made on further need for research on this topic. The findings 
are able to combine the values found for high strain hardening 
and Bauschinger-effect data of lower strain tests published 
outside the manufacturing-research field and give insight to 
the effect of kinematic hardening in machining simulations. 
The main goal is to approximate the possible influence of 
kinematic hardening modelling in the machining process. For 
this approximation, getting close to reasonable total hardening 
values of the machined workpiece is crucial. 
 
2. Methods and Materials 
2.1. Numerical method 
Notably Simo and Taylor published about the importance of 
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consistent tangent operators when using a nonlinear 
‘incremental’ model [7]. This tangent operator makes the 
quadratic convergence of solutions possible gained by the 
iterative Newton method [8]. The use of the ‘normal’ elastic 
tangent modulus would not result in optimal convergence, but 
still give the same result. The constitutive equations derived 
describe associative J2 plasticity. 
Nomenclature 
ߛ          Scalar value (zeroth order tensor, small/slim letter) 
ࢇ          First order tensor (bold small latin letters) 
࣌          Second order tensor (bold small greek letter) 
࡯ Fourth order tensor (bold capital letters) 
The Jacobian matrix is isotropic only during initial elastic 
deformation. During kinematic hardening, the Jacobian for 
implicit FE-calculation becomes anisotropic for ߛҧ ് Ͳ,  
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as seen in [7]. Bulk modulus given as K, shear modulus given 
as G. More difficult expressions are given as scalar results ߚ 
and ߛҧ . ࢔ is the normalized stress tensor including kinematic 
hardening, 1 the unity tensor. 
In this work, nonlinear and linear kinematic hardening are 
combined with isotropic hardening, creating anything from 
purely isotropic to purely kinematic hardening and all 
material stages in between, relying on computation algorithms 
supplied by [9,10]. 
To study a thermal development, as in a thermo-mechanically 
coupled problem, the temperature is regarded as constant 
during the mechanical iterative process of finding the correct 
plastic strain ߝҧ௣௟  if the material is yielding. The thermal 
dependence was realized by directly making the explicitly 
defined hardening functions temperature (ߠ) dependent, 
),( TH plisoiso kk  , ),( TH plkinkin HH   
and also strain rate ( ߝҧሶ ) dependent. This is possible by 
assuming constant plastic deformation throughout the entire 
increment οݐ, therefore  
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The algorithm starts with a trial stress, computed from the 
strain increment which is assumed as fully elastic.  
In manufacturing processes with high deformation rates, the 
strain rate has to be regarded as an influence, due to its 
gradient throughout the material being deformed. The 
changing workpiece temperature makes a coupled thermal-
stress model necessary. Hardening with thermal-dependent 
parameters, which is not applied here, would be another 
reason. 
In this investigation, the cutting velocity is reduced to 
nontypical 1 m/min to avoid those dependencies and focus on 
the accumulated plastic strain itself. 
2.2. Material 
ARMCO iron is being used as a model material. This material 
is not predestined for applicable machining operations, but its 
ductility might pronounce the effect of kinematic hardening 
more.  
The back stress of pure ARMCO iron is needed to describe 
the evolution of kinematic hardening parallel to the isotropic 
hardening. [11] provides Bauschinger-effect data on ARMCO 
iron up until 6% strain. The authors also make the assumption 
that the kinematic hardening is symmetrical with regard to 
forward and reverse plastic flow, which keeps the 
implementation simple. Depending on the source, the 
ARMCO kinematic hardening data varies considerably [12]. 
Adding to this data the combined hardening of ARMCO iron 
tensile tests [11] and from the database given in [13], 
annealed iron is being modelled with nonlinear hardening 
properties. The resulting equations are 
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for isotropic hardening and 
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for kinematic hardening. 
Value ܿଵ and ܿଶ are given in Table 1 and Table 2 below. For 
annealed iron the values give ܿ଴ ൎ  165 MPa, ܿଵ ൎ  0.141, 
ܿଶ ൎ 1,55, ܿଷ ൎ 275 MPa, fitting the stress strain curve in [14] 
and later the stress-strain curves (seen in Fig. 1) with the 
corresponding values ܿ଴ǡ ܿଵǡ ܿଶ andܿଷ. The total tensile test 
stress-strain curve is plotted in Fig. 1. Surroundings are 
always at room temperature (“RT”). 
No material failure has been implemented, which forces the 
material in the FE-calculation to show superplastic behavior. 
Kinematic hardening ratio JBEP ȗ  is given as 0.12 and is 
relatively constant with ߝҧ௣௟ [11]. The hardening ratio JBEP is 
computed from 
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as explained in [11]. ߪிis the current forward yield stress, ߪோ 
the yield stress in the following reverse deformation. ߪ଴ is the 
initial yield stress, ߪ଴ ൌ ߪிሺߝҧ௣௟ ൌ Ͳሻ. 
 
 
* BEP stands for Bauschinger-effect parameter. 
108   Frederik Zanger et al. /  Procedia CIRP  31 ( 2015 )  106 – 111 
 
The stresses here correspond to the one-dimensional case, and 
are taken as absolute values, ߪோ ൌ ඥሺ͵Ȁʹሻ࣌Ԣோ ή ࣌Ԣோ, with ߪோ 
being the von Mises stress, and ࣌Ԣோ being the deviatoric part 
of ࣌ோ. The literature parameters were checked with numerous 
tensile tests which showed a clear elevation of hardening 
values, since the material used was rolled iron, and not 
annealed iron. Similar stress-strain behavior was found, see 
Fig. 1. The analytical functions describing hardening in the 
FE-calculation depend on accumulated equivalent plastic 
strain: )( plisoiso kk H , )( plkinkin HH H  
 
Fig. 1. Stress-strain approximation for rolled iron, large strain range. 
For larger strains, higher evolving yield stresses are needed, if 
the assumption holds, that iron can be deformed past its 
ultimate tensile strength if the deformation condition deviates 
from the uniaxial tensile test. [15] argues that severe plastic 
deformation could theoretically show yield stress up to 
6000 MPa, but according to the author, the grain size cannot 
be smaller than 100 nm, which results in a maximum yield 
point of 1000 MPa. An equal-channel angular-pressing test 
(ECAP) in [16] shows yield limit values of 1250 MPa, and 
values scattered around this value could be found in [17], but 
at higher hydrostatic pressure and torsion, also around 
1500 MPa [18], considering the relation between Vickers 
hardness and yield stress [19]. The contradictions, compared 
to the findings in [15], might result from the special methods 
(rolling, drawing, equal-channel-pressure) analyzed there. The 
curves fitted accordingly can be seen in Fig. 1. 
2.3. Experimental setup 
 
Fig. 2. Schematics of the machining experiment. 
Fig. 2 shows the experimental setup of the machining process. 
For the experiments, a vertical broaching machine from Karl 
Klink with a maximum cutting velocity of vc,max = 160 m/min 
was used. The length of the workpiece, a rolled Armco iron 
sample, is l = 80 mm, the width w = 7 mm and thickness 
t = 4 mm. An uncoated cutting tool WKM P8TN-6028833 
from Walter Tools was used with a cutting radius rȕ = 40 ȝm, 
the rake angle J = -5° and the clearance angle Į = 5°. The 
process forces were measured by a Kistler three component 
dynamometer Type Z 3393. The uncut chip thickness is 
h = 100 μm and the cutting velocity vc = 1 m/min. 
The processed surface shows traces of a non-stationary 
process, with a built-up edge in front of the tool and 
spontaneously debonding from the remaining workpiece. 
However, the first millimeters of the surface show a relatively 
smooth finish, which is the cutting range covered in the 
simulations. 
2.4. Finite element model 
The two-dimensional FE model was verified using single and 
multiple elements and comparing the calculated values to 
selected cases using the ABAQUS intrinsic routines 
describing hardening. True strains are applied in the 
computation, and all stress and strain tensors are rotated to 
account for rigid body motion. 
A FE model simplifying the real chip forming situation was 
run with the material parameters. The FE model handles an 
orthogonal cutting simulation with a continuous remeshing 
loop after a certain workpiece deplacement, which is 
implemented as a displacement of the lower workpiece 
surface. Elements used are CPE3T and CPE4T. The cutting 
direction is parallel to the lower workpiece edge, giving a 
constant feed rate. The tool was assumed rigid and thermal 
expansion was neglected in the entire model. A resulting 
banded contour plot from the ABAQUS-viewer is shown in 
Fig. 4. 
Different workpiece sizes were used in the simulation to 
estimate the size influence on the tool forces. The standard 
workpiece size was ݈ ൌ  5400 μm (length), ݓ ൌ  270 μm 
(width). The alternate workpiece geometry “AltGeo” had a 
size of ݈ ൌ 3600 μm (length), ݓ ൌ 810 μm (width). All size 
values are given for the undeformed state (Fig. 3 shows the 
deformed state). The results and explanations regarding those 
geometries are given in the following chapters. 
 
Fig. 3. Left edge of simulated workpiece, cutoff picture, different scales. Flat 
long geometry (left). Tall, short geometry (right) with large deformation. 
The chip formation is due to plastic deformation, i.e. no 
element separation was introduced in this simulation. The 
question how much of the chip forming motion is due to 
plastic deformation around the cutting tool and how much is 
due to material failure is not being analyzed here. Excessive 
element distortion is countered by remeshing the workpiece. 
The remeshing is triggered at equal displacement intervals of 
the tool, as applied in [20]. 
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Fig. 4. FE machining simulation of orthogonal cutting. Von Mises stress 
shown, cutting range 2.6 mm. 0.12 kinematic hardening ratio, cutting velocity 
1 m/min. 
3. Simulations and experiments 
3.1. Overview 
Table 1. Overview of simulations and experiment, part 1. 
 Machining 
simulation w. linear 
hardening 
Machining simulation 
w. tensile test 
hardening 
Experiment 
Clearance 
angle Į 
20° 20° 5° 
Hardening Linear, no 
boundary, gradient: 
11 MPa / % 
Nonlinear exponential, 
upper boundary 450 
MPa 
- 
ܿ଴ - 165 MPa - 
ܿଵ - 0.141 - 
ܿଶ - 1.55 - 
ܿଷ - 450 MPa - 
Table 2. Overview of simulations, part 2. 
 Machining 
simulation 
1000  
Machining 
simulation 
1250 
Machining 
simulation 
AltGeo1000 
Machining 
simulation 
AltGeo1250 
Clearance 
angle Į 
20° 20° 20° 20° 
Hardening Nonlinear 
exponential, 
upper 
boundary 
1000 MPa 
Nonlinear 
exponential, 
upper 
boundary 
1250 MPa 
Nonlinear 
exponential, 
upper 
boundary 
1000 MPa 
changed 
geometry 
Nonlinear 
exponential, 
upper 
boundary 
1250 MPa 
changed 
geometry 
ܿ଴ 165 MPa 165 MPa 165 MPa 165 MPa 
ܿଵ 0.686 0.863 0.686 0.863 
ܿଶ 1.70 1.60 1.70 1.60 
ܿଷ 1000 MPa 1250 MPa 1000 MPa 1250 MPa 
The cutting velocity was chosen deliberately to isolate the 
kinematics of the deformation from thermal and strain rate 
influences. The cutting parameters are shown in Table 1 and 
Table 2. Constant values in both the experiment and 
simulation are the rake angle J -5°, the cutting edge radius 
ݎఉ ൌ  40 μm, the uncut chip thickness ݄ ൌ  100 μm, friction 
coefficient ߤ ൌ 0.1 and the cutting velocity vc = 1 m/min. The 
clearance angles in the simulations deviate from the 
experiment due to numerical stability issues. The experiment 
was repeated three times, giving one experiment in which 
force values were in between of the two others. This can be 
seen in the grey translucent area between the values 
accumulated during the second and third experimental run 
(Fig. 5 to Fig. 9). 
3.2. Results 
Directions x and y are defined in Fig. 2 and Fig. 4. All 
simulations and the experimental parameters can be found in 
Table 1 and Table 2. 
Fig. 5 shows the cutting force (Fc) as a result of unlimited 
linear hardening and hardening limited to 450 MPa.  
In Fig. 6 the total forces from the simulation in cutting 
direction have been compared to the experiment. The total 
hardening limit was 1250 MPa for all hardening cases. 
Hardening shown here is pure isotropic hardening (“kin = 0”), 
12 % kinematic hardening ratio (“kin = 0.12”) and 25 % 
kinematic hardening ratio (“kin = 0.25”). For simulation 
“AltGeo1000” and “AltGeo1250”, the simulated workpiece 
geometry was reduced in length and increased in height to 
verify the results with an alternate geometry (marked 
“AltGeo” in the labels). After cutting 2 mm, a temperature of 
ߠ ൌ 469 K was reached in the simulation, representing an 
increase of οߠ ൌ 176 K. This temperature was extracted from 
simulations using the new geometry.  
If the hardening limit is changed to 1000 MPa, the resulting 
simulation values change (Fig. 7). The same alternate 
geometry as before was simulated. Both simulations of thrust 
forces (Fth) using hardening limits of 1250 and 1000 MPa 
reach values both higher and lower than the experimental 
ones, depending on the cutting length s (Fig. 8 and Fig. 9). 
4. Discussion 
The assumption is made, that the friction between tool and 
workpiece has only a small impact on the cutting forces, as 
mentioned in [21]. Although the FE-Model in both geometries 
varies in size, Fth does vary very little between those 
geometries (red and blue values in Fig. 8 and Fig. 9). 
Fc does vary with the change of simulated geometry (red and 
blue values in Fig. 6 and Fig. 7). The change also coincides 
with a drop of overall stiffness of the simulated structure due 
to the different height to length ratio of the new alternate 
geometry. This explains the cutting force reduction. The 
reduced stiffness of the new geometry is very visible on the 
left edge (Fig. 3), which is unchanged for the old (Fig. 3 left) 
geometry and deformed for the new geometry (Fig. 3 right).  
Larger cutting forces obtained with the new geometry (Fig. 6, 
Fig. 7) were not investigated further. Due to the unrealistic 
simulated deformation of “AltGeo”, further calculations with 
this geometry were deemed non-promising. Changing 
“AltGeo” to a lengthier model would currently be too costly 
in terms of calculation time. 
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Fig. 5. Simulation linear and tensile-test derived hardening, compared to 
experiment. Cutting force (direction x). 
 
Fig. 6. Limit total hardening 1250 MPa. Cutting force (direction x). 
 
Fig. 7. Limit total hardening 1000 MPa. Cutting force (direction x). 
 
Fig. 8. Limit total hardening 1250 MPa. Thrust force (direction y). 
 
Fig. 9. Limit total hardening 1000 MPa. Thrust force (direction y). 
The simulated geometry is in both cases just a small part of 
the experimentally examined workpiece. Since Fth does not 
change as much, its change is considered an unintended side-
effect and is not considered any further. The temperature 
simulated should be lower, since the entire boundary was 
assumed to be an iron-air heat-transfer coefficient, and the 
lower boundary-part of the workpiece should be defined using 
a higher coefficient. Particularly good results are found for Fth 
if a hardening limit of 1250 MPa and JBEP = 0.12 is chosen. 
For Fc, depending on the hardening limit,JBEP = 0 or 
JBEP = 0.25 might come closer to the experimental values, but 
never predict the values of Fc along the cutting length 
accurately enough to pick a corresponding JBEP value. The 
kinematic hardening factor JBEP scales the reaction forces Fc 
and Fth roughly in a linear way in the parameter range 
investigated. Increasing the kinematic hardening while 
leaving the uniaxial pure tensile (or compression) hardening 
constant, resulted in overall lower reaction forces. 
The hardening limit in the range from 1000 to 1250 MPa 
results in a good prediction of the cutting force. Other 
hardening parameters, as seen in Fig. 5, result in values far 
from the experimental ones and are no reasonable 
approximation. 
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5. Conclusion 
The influence of kinematic hardening for this particular 
process is considered high, the real kinematic hardening ratio 
ranges probably between 0 and 0.25. Neglecting its influence 
might lead to reaction-force errors with a similar error ratio in 
machining simulations. The real kinematic hardening ratio 
must be analyzed using successive tensile compression tests. 
The hardening beyond the yield limit in tensile tests is 
necessary to come even close to the experimental values. A 
hardening limit lower than 1000 MPa or higher than 
1250 MPa, as chosen here, would not yield simulation results 
close to the experimental ones (at cutting length ݏ ൐ ʹ mm). 
This can only be stated if a similar hardening curve is being 
used and thermal, strain rate and other effects have no 
fundamental influence. The kinematic hardening between 0 
and 0.25 points towards the value of 0.12 given in [11], 
considering the restrictions given before. 
For future investigations, more realistic cutting velocities 
must be realized. To make this happen, strain rate as well as 
temperature dependent material parameters must be 
implemented. The yield stress at large strains was only 
estimated, which is another possible source of errors. One 
might be able to determine the kinematic hardening to 
isotropic hardening ratio for tensile tests, but it is unknown 
beyond the yield limit strain. The ratio was assumed constant 
in this work. Completely new experimental methods would 
have to be implemented to attain those values.  
The difficulties identified are the hardening progression and 
the Bauschinger effect at large strains. 
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